We report the discovery of Qatar-3b, Qatar-4b, and Qatar-5b, three new transiting planets identified by the Qatar Exoplanet Survey (QES). The three planets belong to the hot Jupiter family, with orbital periods of P Q3b = 2.50792 days, P Q4b = 1.80536 days, and P Q5b = 2.87923 days. Follow-up spectroscopic observations reveal the masses of the planets to be M Q3b = 4.31±0.47 M J , M Q4b = 5.36±0.20 M J , and M Q5b = 4.32±0.18 M J , while model fits to the transit light curves yield radii of R Q3b = 1.096±0.14 R J , R Q4b = 1.135±0.11 R J , and R Q5b = 1.107±0.064 R J . The host stars are low-mass main sequence stars with masses and radii M Q3 = 1.145±0.064 M ⊙ , M Q4 = 0.896±0.048 M ⊙ , M Q5 = 1.128±0.056 M ⊙ and R Q3 = 1.272±0.14 R ⊙ , R Q4 = 0.849±0.063 R ⊙ and R Q5 = 1.076±0.051 R ⊙ for Qatar-3, 4 and 5 respectively. The V magnitudes of the three host stars are V Q3 =12.88, V Q4 =13.60, and V Q5 =12.82. All three new planets can be classified as heavy hot Jupiters (M > 4 M J ).
INTRODUCTION
Ground-based surveys for transiting exoplanets continue to be a productive source for finding short period giant planets orbiting relatively bright stars. Many of these discoveries have become primary targets for subsequent studies of exoplanetary atmospheres and other important planetary characteristics with the use of some of the most advanced ground-and space-based telescopes. In addition, these discoveries contribute significantly to a more complete census of hot Jupiters and other close orbiting large planets -the type of planets not present in our solar system -and may provide a key to understanding their origin and more generally the planetary system architecture. This paper is based on observations collected with the first generation of the Qatar Exoplanet Survey (QES, Alsubai et al. 2013) . QES uses two overlapping wide field 135mm (f/2.0) and 200mm (f/2.0) telephoto lenses, along with four 400mm (f/2.8) telephoto lenses, mosaiced to image an 11 o × 11 o field on the sky simultaneously at three different pixel scales. The three different pixel scales are 12, 9 and 4 arcsec respectively for the three different type of lenses. With its larger aperture lenses, its higher angular resolution (a result of the longer focal length of the lenses), and the detrending algorithms, QES is able to reach 1% photometric accuracy up to 13.5-14.0 mags.
In this paper we present the discovery of three new hot Jupiters from QES, namely Qatar-3b, Qatar-4b, and Qatar-5b. The paper is organized as follows: in section 2 we present the survey photometry and describe the follow-up spectroscopy and photometry used to confirm the planetary nature of the transits. In section 3 we present the global system solutions using simultaneous fits to the available RV and follow-up photometric light curves with the stellar parameters determined from the combined spectra, while in Section 4 we summarise our results.
OBSERVATIONS

Discovery photometry
Observations for the discovery photometry were collected at the QES station in New Mexico, USA. QES utilizes FLI ProLine PL6801 cameras, with KAF-1680E 4k×4k detectors. Exposure times were 60s, for each of the four CCDs attached to the 400mm lenses; 45s, for the CCD equipped with the 200mm lens; and 30s, for the CCD equipped with the 135mm lens.
The survey data were reduced with the QES pipeline, which performs bias-correction, dark-current subtraction and flat-fielding in the standard fashion, while photometric measurements are extracted using the image subtraction algorithm by Bramich (2008) ; a more detailed description of the pipeline is given in Alsubai et al. (2013) .
The output light curves were ingested into the QES archive and subsequently subjected to a combination of the Trend Filtering Algorithm (TFA, Kovács et al. 2005 ) and the SysRem algorithm (Tamuz et al. 2005) , to model and remove systematic patterns of correlated noise. Transit-like events for all three stars were identified using the Box Least Square algorithm (BLS) of Kovács et al. (2002) , during a candidates' search on the archive light curves following the procedure described in Collier et al. (2006) . We note that the initial candidate selection is an automatic procedure, but the final candidate vetting is done by eye. The BLS algorithm provided tentative ephemerides which were used to phase-fold the discovery light curves shown in Figure 1 .
The discovery light curve of Qatar-3b contains data points from 11,228 frames, spanning a period from October 2012 to January 2015, that of Qatar-4b contains data points from 8,950 frames, with a time-span from September 2012 to November 2014, and that of Qatar-5b contains 18,957 data points, with a time-span from September 2012 to December 2014.
The host stars
Qatar-3b's host is a V = 12.88 mag (B = 13.13 mag) star (UCAC3 ID: 253-304972, henceforth designated Qatar-3) of spectral type very close to G0V. The host of Qatar-4b is a V = 13.60 mag (B = 14.69 mag), early-K type star (UCAC3 ID: 269-003518, henceforth designated Qatar-4), and, similarly, the host of Qatar-5b is a V = 12.82 mag (B = 13.00 mag) star (UCAC3 ID: 265-004681, henceforth designated Qatar-5) of spectral type close to G2V. The basic observational characteristics of the three host stars, together with the results from the spectroscopic analysis, are listed in Table 1 . We further discuss stellar parameters determined from our follow-up spectra in section 3.1. The host star spectral types are estimated from a multi-color fit (J, H, V and K band) to the UCAC3 values, using a standard Random-Forest classification algorithm, trained with ∼200 standards with spectral types ranging from early A to late M.
Follow-up spectroscopy
Follow-up spectroscopic observations of all three candidates were obtained with the Tillinghast Reflector Echelle Spectrograph (TRES) on the 1.5 m Tillinghast Reflector at the Fred L. Whipple Observatory on Mount Hopkins, Arizona. Similarly to our campaigns for all QES candidates we used TRES with the medium fiber, which yields a resolving power of R ∼ 44,000, corresponding to a velocity resolution element of 6.8 km s −1 FWHM. The spectra were extracted using version 2.55 of the code Figure 1 . The discovery light curves phase folded with the BLS estimated periods, as they appear in the QES archive, for Qatar-3b (top, in blue), Qatar-4b (middle, in green), and Qatar-5b (bottom, in red) [color available in the on-line version only]. For clarity, all light curves have been binned using a mean filter by a factor of 35, while those of Qatar-4b and Qatar-5b have been shifted downwards. described in Buchhave et al. (2010) . The wavelength calibration for each spectrum was established using exposures of a thoriumargon hollow-cathode lamp illuminating the science fiber, obtained immediately before and after each observation of the star. For Qatar-3 a total of 34 spectra were obtained between 2015-07-30 (UT) and 2016-10-24 with a typical exposure time of 30 min and an average signal-to-noise ratio per resolution element (SNRe) of 29 at the peak of the continuum in the echelle order centered on the Mg b triplet near 519 nm. For Qatar-4 we obtained 10 usable spectra between 2015-09-23 and 2017-01-19 with mostly 48-min exposures and <SNRe>=22, and for Qatar-5 a total of 25 usable spectra between 2015-09-27 and 2015-12-08 with mostly 25-min exposures and <SNRe>=29.
Relative radial velocities (RV) were derived by cross-correlating each observed spectrum against the strongest exposure of the same star, order by order for a set of echelle orders selected to have good SNRe and minimal contamination by telluric lines introduced by the Earth's atmosphere. These RVs are reported in Tables 2, 3 , and 4 and the time units are in Barycentric Julian Date in Barycentric Dynamical time (BJD T DB ). The observation that was used for the template spectrum for each star has, by definition, an RV of 0.00 km s −1 . We define the error on the template RV as the smallest error of all the other errors. We also derived values for the line profile bisector spans (BS, lower panel in Figures 2, 3 , and 4), to check for astrophysical phenomena other than orbital motion that might produce a periodic signal in the RVs with the same period as the photometric ephemerides for the transits. The procedures used to determine RVs and BSs are outlined in Buchhave et al. (2010) .
To illustrate the quality of the orbital solutions provided by our relative radial velocities, we fit circular orbits with the epoch and period set to the final ephemerides values from the global analysis. The key parameters for these orbital solutions are reported in Table 5 , and the corresponding radial velocity curves and individual observations are plotted in Figures 2, 3 , and 4. Note that the relative gamma velocity is the center-of-mass velocity using the relative velocities. The values of the correlation coefficient between Bisectors and RVs for Qatar-3b (0.313), Qatar-4b (0.020) and Qatar-5b (0.153) are low and suggest the correlation is not significant in all three cases. We do not calculate the FWHM of the correlation function.
As an alternative approach, we run SPC and derive the v sin i values as a measure of the broadening.
To get the absolute gamma (center-of-mass) velocity for a system where we use the multi-order relative velocities to derive the orbital solution, we have to provide an absolute velocity for the observation that was used for the template when deriving the relative velocities. By definition that observation is assigned a relative velocity of 0.00 km s −1 . To derive an absolute velocity for that observation, we correlate the Mg b order against the template from the CfA library of synthetic templates that gives the highest peak correlation value. Then we add the relative gamma velocity from the orbital solution, and also correct by −0.61 km s −1 , mostly because the CfA library does not include the gravitational redshift. This offset has been determined empirically by many observations of IAU Radial Velocity Standard Stars. We quote an uncertainty in the resulting absolute velocity of ±0.1 km s −1 , which is an estimate of the residual systematic errors in the IAU Radial Velocity Standard Star system.
Follow-up photometry
Follow-up photometric observations for Qatar-3b and Qatar-4b were obtained with the 1.23 m Zeiss Telescope at the Calar Alto Observatory (CAHA, Spain), using a Cousins-I filter and an exposure time of 60s per frame. For all observations, the telescope was defocused and data reduction was carried out using the DEFOT pipeline (Southworth et al. 2009 (Southworth et al. , 2014 . Qatar-3b was observed on two occasions, on the 6 th and the 11 th of October 2015, while a half-transit of Qatar-4b was observed on the 27 th of October 2015. Two additional transits of Qatar-4b were obseved with the 50 cm QES Follow-up Telescop (QFT) installed at the QES station hosted by the New Mexico Skies Observatory on the nights of 17 th August and 6 th September 2016. QFT is equipped with Andor iKon-M 934 deep depletion, back illuminated CCD camera optimized for follow-up photometric studies. Qatar-4b light curves were obtained through a Johnson-I filter using defocusing technique similar to our Calar Alto observations and an exposure time of 180 s per frame. Follow-up light curve for Qatar-5b was obtained using the KeplerCam on the 1.2m telescope at the Fred L. Whipple Observatory on Mount Hopkins, Arizona on the night of 10 th November 2015. KeplerCam is To better determine the transiting systems ephemerides we fit the follow-up photometric curves with a transiting model following the prescription outlined in Pál (2008) . In short, the Pál (2008) method uses analytical expressions to evaluate the partial derivatives of the flux decrease function for an eclipsed star, under the assumption of quadratic limb darkening. Pál (2008) equations allow for a clear separation between terms depending only on the limb darkening coefficients, and terms depending only on the occultation geometry.
After the model fit, we estimate the T C and calculate the best ephemerides. For the current ephemerides, we used the T C from the best model fit of the light curve. Ephemerides are listed in Table 6 . Note that we follow the standard procedure and we did not include the discovery light curves in the physical parameter analysis. The discovery light curve data points have too large errorbars, and we used only the follow-up high precision light curves, in order to reduce the errors in the physical parameters.
ANALYSIS AND RESULTS
Stellar Parameters
To improve the characterization of the three host stars, we analyzed the TRES spectra using the Stellar Parameter Classification (SPC) tool developed by Buchhave et al. (2012) . In brief, the SPC cross correlates the observed spectrum with a library of synthetic spectra from Kurucz model atmospheres and finds the stellar parameters from a multi-dimensional surface fit to the peak correlation values. We used the ATLAS9 grid of models with the new Opacity Distribution Functions from Castelli & Kurucz (2004). In addition, the stellar parameters -effective temperature (T eff ), metallicity ([m/H]), surface gravity (log g), and projected rotational velocity v sin i -for the hosts were derived from the co-added spectra of each star through spectral modelling using the Spectroscopy Made Easy (SME) package (Valenti & Piskunov (1996) ).
We note that the values of T eff , estimated via SPC and SME, are within 3.5σ (for Qatar-3), 2σ (Qatar-4), and 1σ (Qatar-5) of each other, while the log g and v sin i values for all three stars are essentially the same (differences are less than 1σ). The only noticeable difference is metallicity ([m/H]), where SME gives systematically lower values relative to SPC by 0.3. We examine the effect of these differences on the calculated planetary parameters (mass and radius) in the next section.
In Table 6 we also provide the ages of the host stars using gyrochronology equations from Brown (2014) -eq. 1, assuming that the stellar rotation axis is perpendicular to the orbital plane. We found that the ages for all three stars are τ gyr,Q3 = 0.31 Gyr, τ gyr,Q4 = 0.17 Gyr and τ gyr,Q5 = 0.53 Gyr for Qatar-3b, Qatar-4b and Qatar-5b, respectively. Additionally, using model isochrones from Dotter et al. (2008) and the input parameters for Table 6 , we calculate independent values for the ages of the host stars 0.1 < τ iso,Q3,Q4,Q5 < 0.3 Gyr. All host stars are relatively young stars, which is basically consistent with their relatively fast rotation (v sin i > 5 km s −1 ). We note that previous studies (Maxted et al. (2015) , Brown (2014) ) show that in general gyrochronology suggests younger age than isochrone models. In our case the ages from both methods-gyrochronology and model isochrones-are generally consistent with each other.
Planetary System Parameters
To determine the physical parameters of the three planetary systems we run a global solution of the available RV and transit photometric data using the EXOFAST package (Eastman et al. (2013) ). The transit light curves include only the follow-up photometric data and not the discovery light curves. As described by the authors, the EXOFAST performs a simultaneous fit of the RV and/or transit data for a single planet. In our case, for all the systems, we fixed the planetary orbital period to the value determined from the transits ephemerides and set the initial stellar parameters (T eff , log g, [Fe/H]) to the values determined from the spectroscopic analysis of the host stars. To quantify the effect different sets of values for T eff , log g, [Fe/H], estimated via SPC and SME, have on the calculated values for the planetary mass and radius (M P , R P ), we fed EXOFAST with the sets of initial stellar parameters determined by SPC and SME separately and compared the results. We remind the reader, that internally EXOFAST uses the Torres relations (Torres et al. (2010) )-calibrations based on accurate (≤3%) masses and radii from detached binary systems -to determine the masses and radii of the host stars. These relations are valid for main sequence stars above 0.6 M ⊙ , and we note that all our stars have estimated ages and masses well within the range covered by the Torres relations.
The nature of the Torres relations is such, that M * and R * are only weakly dependent on metallicity. As a result, the SPC and SME sets of values lead to very similar host stellar masses and radii -indistinguishable for Qatar-3; 4%, and 5% difference in M * and R * , respectively for Qatar-4; and 4%, and 2% difference in M * and R * , respectively for Qatar-5. The biggest differences are in the luminosity of the host stars where the SME sets of parameters lead to a 13% more luminous star for Qatar-3, and 15% more luminous star for Qatar-4, but essentially the same for Qatar-5.
Most importantly differences in stellar parameters produced via SPC and SME lead to insignificant differences in the derived values for the planetary masses and radii. In all three cases -Qatar-3b, Qatar-4b, and Qatar-5b -these are well within 1σ of the uncertainty. For this reason, in all tables, we list only the values derived with the initial set of stellar parameters determined via SPC.
The initial evaluation of the fits to the RV curves indicated they were all well described by circular orbits, i.e., e = 0. On one hand this is not surprising, as all three planets have short period orbits that are expected to have circularized. In addition, in the case of Qatar-4b, the RV curve has relatively few points and does not warrant a detailed search for an eccentric solution. In the case of Qatar-3b and Qatar-5b, we searched for eccentric solutions as well, but in both cases the results were essentially indistinguishable from e = 0 at the ≤ 2σ level. Consequently, in our global fits we kept the eccentricity fixed at e = 0. In addition, the period of each planet was kept fixed at the value determined by the transit ephemerides by in practice allowing it to vary only at the insignificant 10 −5 d level. Table 6 summarises the physical parameters of the planets. The best fit for both radial velocity and photometric light curves is coming from EXOFAST. The Safronov numbers for each planet are not used in the current paper and are provided in Table 6 for completeness, as they may be useful for other studies.
DISCUSSION
Using the equations from Leconte et al. (2010) and Jackson et al. (2005) , we calculate the tidal interaction time-scale for the eccentricity evolution of the systems. We used the values from Table 6 of M ⋆ , R ⋆ , M P , R P , assuming tidal quality factors of Q ⋆ = 10 6.5 and Q P = 10 5.5 . The three rotation periods given in Table 6 -P Q3 = 6.31 d, P Q4 = 6.05 and P Q5 = 12.10 d, respectively -are calculated using the stellar radii from our solutions, the v sin i form our spectra, and assuming the stellar rotation axis and the planet orbit are coplaner. Finally the time-scales for the eccentric evolution is τ Q3 = 0.133 Gy, τ Q4 = 0.0870 Gy, τ Q3 = 0.544 Gy for the three systems, respectively. The eccentricity evolution timescale for Qatar-5b, is approximately equal with its age (Table 6 ). The three planets presented here fall in the arera of heavy hot Jupiters with masses in the range 4-6M J and densities 4-5 g cm −3 (see Table 6 ). Their equilibrium temperatures place them in the pL class of planets following the Fortney et al. (2008) nomenclature. To put the properties of the three new planets in perspective we show their positions on the planet mass-radius (Fig. 8, top ) and mass-density (Fig. 8, bottom) diagrams and compare them with data for the well studied transiting exoplanets from TEPcat 1 . On both the mass-radius and mass-density diagrams the three new planets occupy the sparsely populated area of relatively heavy and dense planets on one end of the parameter space. On each panel of Fig. 8 , Qatar-3b and Qatar-5b project almost on top of each other with Qatar-4b close nearby and all three are close to the theoretical models and in company of some other observed planets. On the mass-density diagram we also show the 0.3 Gyr model isochrones from Fortney et al. (2007) 2 for giant planets with different core mass values at a distance of 0.045 AU. The three planes occupy the area of the mass-density diagram which is insensitive to a particular core mass value.
CONCLUSIONS
Qatar-3b, Qatar-4b, and Qatar-5b are three new transiting hot Jupiters hosted by K1V, G0V, and G2V stars respectively. All three are short period planets (P Q3b =2.50792, P Q4b =1.80536, and P Q5b =2.87923 days) with with masses and radii (M Q3b =4.31M J R Q3b =1.096R J , M Q4b =5.36M J R Q4b =1.135R J , M Q5b =4.32M J R Q5b =1.107R J ) in the expected regime for hot Jupiters, and densities in the range 4-5 g/cm 3 . The planets look similar to other members of the hot Jupiter family on the mass-radius and mass-density diagrams. We note, however, that all three planets reside in the sparsely populated heavy-mass end (M > 4 M J ) on the mass-radius
